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Motivation
• What if BSM physics is 

strongly coupled?

- Perturbation theory only goes 
so far...use assumptions based 
on QCD phenomenology?

- Focus on Yang-Mills gauge 
theories, which can look very 
different from QCD (e.g. the 
conformal window - with many 
fermions, no confinement, no 
spontaneous xSB)

http://w
w

w
.lapsura.com

/

Lattice gauge theory lets us 
explore strongly-coupled field 
theories non-perturbatively.
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Technicolor, briefly

• Technicolor theories replace 
the Higgs scalar field with new 
strong dynamics.  Chiral 
symmetry breaking also breaks 
electroweak symmetry.

• Typically, new gauge group is 
SU(NTC), with NTF new Dirac 
“technifermions”.

• Minimal or one-doublet 
technicolor is QCD, rescaled: 
NTC=3, NTF=2. 

ΛQCD ∼ 1 GeV → ΛTC ∼ 1 TeV.

• What about other SM masses?

Hψψ TTψψ

Effective four-fermion operator 
from new gauge interactions 
(extended technicolor.)

S. Dimopoulos and L. Susskind, Nucl. Phys. B155 (1979);
E. Eichten and K. D. Lane, Phys. Lett. B90 (1980)

http://particlezoo.net
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The trouble with (minimal) technicolor
• First problem: reproducing CKM mixing leads to 

flavor-changing neutral current (FCNC) operators.  
Strong constraints from precision electroweak!

•   For example, from kaon mixing:

(∆MK) < 3.5× 10−18 TeV → Λ2 > 1300 TeV

second-generation ETC breaking scale
(suppresses four-fermi operators.)

K. D. Lane, hep-ph/0007304

Reduces FCNC contributions and standard model masses!
(ψψψψ) (TTψψ)

Big problem, if the condensate �TT � = ηΛ3
TC (where                ).η = O(1)

True in QCD, but in general?
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10. Electroweak model and constraints on new physics 39
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Figure 10.4: 1 σ constraints (39.35%) on S and T from various inputs combined
with MZ . S and T represent the contributions of new physics only. (Uncertainties
from mt are included in the errors.) The contours assume MH = 117 GeV except
for the central and upper 90% CL contours allowed by all data, which are for
MH = 340 GeV and 1000 GeV, respectively. Data sets not involving MW are
insensitive to U . Due to higher order effects, however, U = 0 has to be assumed in
all fits. αs is constrained using the τ lifetime as additional input in all fits. Because
this has changed significantly since the 2008 edition of this Review (see the discussion
in Sec. 10.5), the strongly αs-dependent solid (green) contour from Z lineshape
and cross-section measurements has moved significantly towards negative S and T .
The long-dashed (magenta) contour from ν scattering has moved closer towards
the global averages (see Sec. 10.3). The long-dash-dotted (indigo) contour from
polarized e scattering [123,125] is the upper tip of an elongated ellipse centered at
around S = −15 and T = −21. At first sight it looks as if it is deviating strongly
but it is off by only 1.8 σ. This illusion arises because ∆χ2 > 0.8 everywhere on the
visible part of the contour. Color version at end of book.

CL which is weaker compared to the 2008 edition of this Review, i.e. before the latest
developments in APV and the ν-DIS interpretation. In fact, tuned mass splittings of the
extra leptons and quarks [239] can now yield fits with only moderately higher χ2 values
(by about 1 unit) than for the SM. A more detailed analysis is also required if the extra
neutrino (or the extra down-type quark) is close to its direct mass limit [240]. Thus, a
fourth family is disfavored but not excluded by current data. Similar remarks apply to a
heavy mirror family [241] involving right-handed SU(2) doublets and left-handed singlets.
A more detailed discussion based on the same data set as used for this Review can be

July 30, 2010 14:36

Introduction Technicolor, briefly

The trouble with (minimal) technicolor (II)

Second problem: The S-parametera, which measures contributions
beyond the standard model to electroweak physics - experiment
favors S ≤ 0. Näıve technicolor contribution to S:
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Positive S from resonances,
PNGBs...only gets worse
with increasing NTF , NTC!

Assumption: TC spectrum is
exactly like scaled-up QCD.

a M. E. Peskin and T. Takeuchi,
PRD 46 (381), 1992.
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S parameter: sensitive to new electroweak physics

http://pdg.lbl.gov/

The trouble with (minimal) technicolor
Second problem:  if we add particle content, we run into S

relies on QCD pheno!
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The Conformal WindowIntroduction The conformal window

The conformal window, visually
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QCD Large Nc

AF lost

Conformal (α*<1)

(Ethan Neil, Yale U.)

Ethan Neil (Yale) Spectrum at general Nf August 4, 2010 10 / 32Large Nc expansion works well for QCD, but for 
large Nf, things change drastically (IR fixed point)

W. Caswell, Phys. Rev. Lett. 33:244,1974
T. Banks and A. Zaks, Ncul. Phys. B 196:189, 1982
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A conformal window roadmap

Iwasaki et al. '04

Nc=3, fund.
Nf=0 4 8 12 16

Appelquist, Fleming, Neil '07, '09
Deuzeman, Lombardo, Pallante '08
Fodor et al. '09
Jin and Mawhinney '09

Appelquist, Fleming, Neil '07, '09
Deuzeman, Lombardo, Pallante '09
A. Hasenfratz '09, '10
Fodor et al. '09
Jin and Mawhinney '09

Damgaard et al. '97; Heller '98
Hasenfratz '09
Fodor et al. '09

Appelquist, Cohen, Schmaltz '99

Nc=2, fund.
Nf=0 4 8 12 16

Sui '01 (Columbia PhD thesis)
Hasenfratz '09
Fodor et al. '09

Appelquist, Terning, Wijewardhana '97

Appelquist, Terning, Wijewardhana '97
Muraya, Nakamura, Nonaka '03
Skullerud et al. '04
Iwasaki et al. '04

Iwasaki et al. '04

Fodor et al. '09 Yamada et al. '09, '10

Nc=3, sym.

Nf=0                           4

Sinclair and Kogut '09, '10
Shamir, Svetitsky, DeGrand '08, '09, '10

Nc=2, adj.

Catterall, Giedt, Sannino, Schneible '08
Del Debbio, Patella, Pica '08; Del Debbio et al. '09

Nf=0                          4

Hietanen, Rummukainen, Tuominen '09

Catterall, Giedt, Sannino, Schneible '09
Bursa, Del Debbio, Keegan, Pica, Pickup '09
Del Debbio et al. '10

(Updated 07/14/10)

Appelquist et al. '09 (LSD)

(Ethan Neil, Yale U.)

confined,   <ψψ>≠0
conformal, <ψψ>=0
unknown,  <ψψ>=?

asym. freedom lost
lattice simulation
analytic Nf

c bound
no spontaneous χSB analytic Nf

c estimate
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Dynamical scales
!"#$%&'()*+,-./0123456789:;<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]̂_̀abcdefghijklmnopqrstuvwxyz{|}~g(L)
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L

Lc

1

Lc: confinement scale
Li: inflection-point scale

In a theory with both scales, 
condensates are enhanced by 
modes between Li and Lc!

Appelquist, Terning, Wijewardhana, Phys. Rev. D 44, 871 (1991)
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Going to the Lattice
�O� = 1

Z

�
DUDψDψ O(U,ψ,ψ) exp

�
−S[U,ψ,ψ]

�

�O� = 1

N

�

U∈U
�O�U

Generating the weighted 
ensemble is typically the 

hard part...

Discretize to make the path 
integral finite-dimensional (but 

sharply peaked!)

Importance sampling and Monte 
Carlo techniques give us an 

ensemble of field configurations, 
weighted by exp(-S)
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Our Strategy
• Approach the conformal window from below, 

measure various quantities, look for trends as Nf 
varies.  

• This talk: 3 colors, Nf=2 vs. Nf=6.

• Basic measurements:  

- low-lying spectrum and decay constants

- chiral condensate

- S-parameter

- (your favorite observable here)

Thursday, January 13, 2011



Simulation Details
Spectrum and chiral condensate enhancement Setup and methods

Simulation details

Domain wall fermions with Iwasaki gauge action - good chiral, flavor
symmetry. Ls = 16 yields mres ∼ 2.6× 10−5 and 8.2× 10−4.
All volumes shown here are 323 × 64. We work at a ∼ 5mρ, so for
our 2-flavor lattices we have a ∼ 0.06 fm = 3.6 GeV−1, L ∼ 1.8 fm.
Everything shown here is PRELIMINARY, including # of gauge
configs pending final thermalization cuts.

Nf = 2 Nf = 6
amf “Mπ”L Ncf g “Mπ”L Ncf g
0.005 3.5 1430 4.7 1350
0.010 4.4 2750 5.4 1250
0.015 5.3 1060 6.6 550
0.020 6.5 720 7.8 400
0.025 7.0 600 8.8 420
0.030 7.8 400 9.8 360

Ethan Neil (Yale) Spectrum at general Nf August 4, 2010 15 / 32

• We use domain wall fermions to preserve as much chiral, 
flavor symmetry as possible.  Residual χSB is small:

mres =

�
2.6× 10−5, Nf = 2

8.2× 10−4, Nf = 6

•All volumes are 323x64,  lattice spacing tuned to
  At 2-flavors, this gives

a ∼ 5mρ.
a ∼ 0.06 fm = 3.6 GeV−1, L ∼ 1.8 fm.

Thursday, January 13, 2011



Setting the scale
Spectrum and chiral condensate enhancement Setup and methods

Setting the scale

Preliminary: LSD Nf=2 and 6 scale setting

• Lattice scale from MN, M!, r0 all matched at 10% level with more 
masses and increased statistics.

Ethan Neil (Yale) Spectrum at general Nf August 4, 2010 16 / 32

To compare theories, fix a physical scale (pick your favorite.)
In general, scales may diverge!  Choose from context, e.g. fix 

decay constant F ~ v/2 for technicolor.

Thursday, January 13, 2011



NLO χPT, general Nf

Spectrum and chiral condensate enhancement χPT fits

NLO χPT for general Nf 7

M2m/m = 2B

�
1 +

2mB

(4πF )2

�
αm +

1

Nf
log

2mB

(4πF )2

��

Fm = F

�
1 +

2mB

(4πF )2

�
αF −

Nf
2
log

2mB

(4πF )2

��

�ψψ�m = F 2B
�
1 +

2mB

(4πF )2

�
αC −

Nf
2 − 1
Nf

log
2mB

(4πF )2

��

αC includes the “contact term” mΛ
2 ∼ m/a2.

Formulas have been worked out for general Nf (and adjoint
fermions, and Nc = 2!) at NNLO by Bijnens and Lu 6.

Fits work for Nf = 2, but not for Nf = 6 - scaling of NLO terms
requires lighter m.

6
JHEP 11 (2009), 116, arXiv: 0910.5424
7
J. Gasser and H. Leutwyler, Phys. Lett. B 184:1 (1987)

Ethan Neil (Yale) Spectrum at general Nf August 4, 2010 17 / 32

•NLO terms linear in Nf - lighter mass needed to fit 
with more fermions.
•Linear divergence in chiral condensate:

αc ⊃ mΛ2 ∼ m/a2

Thursday, January 13, 2011



Data and chiral fitsSpectrum and chiral condensate enhancement χPT fits

Chiral condensate

0.005 0.010 0.015 0.020 0.025 0.030
0.00

0.01

0.02

0.03

0.04

m

�ΨΨ�m
0 0.0005 0.001

0

0.0005

0.001

Nf = 2

Nf = 6

Linear term clearly dominant.
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Spectrum and chiral condensate enhancement χPT fits

Goldstone mass

0.005 0.010 0.015 0.020 0.025 0.030
0.0

0.5

1.0

1.5

2.0

m

Mm
2

2m

Nf = 2

Nf = 6

Open points not included in Nf = 2 fit: m = 0.025, 0.030 too heavy,
m = 0.005 finite-volume correction likely big.
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Spectrum and chiral condensate enhancement χPT fits

Goldstone decay constant

0.005 0.010 0.015 0.020 0.025 0.030
0.00

0.01

0.02

0.03

0.04

0.05

m

Fm

Nf = 2

Nf = 6
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• Joint NLO chiral fit at Nf=2.
• Similar joint fit fails at Nf=6:

-Fm NLO contributions > LO, by inspection!
-Can fit pion mass and condensate without 
Fm, but predicted F much too high.
-Lighter masses likely needed at 6 flavors

Thursday, January 13, 2011



Data and chiral fits
Spectrum and chiral condensate enhancement Results

Sanity check: Nf = 2 results and χPT convergence

0.000 0.005 0.010 0.015 0.020 0.025 0.030
�1.0

�0.5

0.0

0.5

1.0

m

Mm
2

2m
,
NLO

LO

Nf = 2

Nf = 6

LSD Nf = 2 known value
Mρ/fπ 10.9(1.6) 8.39(3)8

�ψψ�/f 3π 52.0(13.5) 36.2(6.5)9

Mρr0 0.494(28) 0.561(44)10

8http://pdg.lbl.gov
9M. Jamin, Phys. Lett. B538, 71 (2002) + renormalization
10A. Gray et al., Phys. Rev. D72, 094507 (2005)

Ethan Neil (Yale) Spectrum at general Nf August 4, 2010 21 / 32

a) http://pdg.lbl.gov
b) M. Jamin, Phys. Lett. B538, 71 (2002) + renormalization
c) A. Gray et al., Phys. Rev. D72, 094507 (2005)

LSD Nf = 2 known value
Mρ/fπ 10.9(1.6) 8.39(3)a

�ψψ�/f3
π 52.0(13.5) 36.2(6.5)b

Mρr0 0.494(28) 0.561(44)c

χPT expansion: 
consistent at Nf=2,
poor at Nf=6 over 
mass range simulated. 

Sanity check: Nf=2 results vs. known values

Thursday, January 13, 2011
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Ratios of ratios...
GMOR relation: M2

mF 2
m = 2m�ψψ�m (leading order)

�ψψ�m
F 3
m

(M2
m/2m)3/2

�ψψ�1/2m

M2
m

2mFm

(CM)

(FM)

(CF)

m → 0 �ψψ�/F 3

Compare two different theories: R(N) =
[�ψψ�/F 3]Nf=N

[�ψψ�/F 3]Nf=2

R(N)
XY,m̃ = R(N)

�
1 + α(N)

R,XY m̃+ β(N)
R,XY m̃ log m̃+ ...

�

(m̃ =
√
m2mN )
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Condensate Enhancement

R(6) = 1.95(12)

R(6)

MS
= 1.60(10)

Lattice scheme:

Renormalized:

Pert. theory est: R(6)

MS,pt
� 1.15

(at 3.85 
GeV!)
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S-parameter

S = 16π(Π�
33(0)−Π�

3Q(0))

ΠXY (q
2) ≡ 1

d− 1

�
q2gµν − qµqν

� �
ddxeiq·x�Jµ

X(x)Jν
Y (0)�

S parameter Basic setup and methods

The S-parameter

The S-parameter is sensitive to
electroweak “oblique corrections”, i.e.

vacuum polarization of EW gauge

bosons, in the limit of zero momentum

transfer:

Z

Ø

z

ú-

h

Q-

ûn

/,2

@
7

+

7

f

@
{

ú-

w-,

{{

S = 16π(Π�33(0)− Π�3Q(0)), where

ΠXY (q
2
) ≡

1

d − 1(q
2gµν − qµqν)

�
ddx e iq·x�JµX(x)J

ν
Y (0)�.

For a technicolor model with Nf /2 EW-charged technidoublets, this
becomes (in terms of vector and axial currents)

S = −4π(Nf /2)
�
Π�V V (0)− Π�AA(0)

�
+ ∆SSM .

∆SSM removes the Higgs boson contribution to S, and cancels an
IR divergence from the massless πT .

Ethan Neil (Yale) Spectrum at general Nf August 4, 2010 24 / 32

S is sensitive to electroweak 
“oblique corrections”, i.e. 

vacuum polarization of EW 
gauge bosons at zero 
momentum transfer: 

Can be re-expressed in terms of vector and axial-vector currents:

S = −4π(Π�
V V (0)−Π�

AA(0))

Thursday, January 13, 2011



Parity Doubling (?)
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M
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A

Nf=2, Axial-Vector
Nf=6, Axial-Vector
Nf=2, Vector
Nf=6, Vector
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Momentum dependence

ΠV−A(q
2)

q2→∞−−−−→ NTC

8π2
m2 +

m�ψψ�
q2

+O(α) +O(q−4)

ΠV−A(q
2) =

�
m amq2m�
n bnq

2n

•To extract the slope at zero momentum (and thus S), fit 
V-A correlators as functions of q2, at fixed m and Nf.
•Operator-product expansion constrains the functional 
form at large momentum:

Fit to Pade-(m,n) approximants:

Pade-(1,2) is found to yield good χ2, stable results w/r/t fit range.

[M. A. Shifman, A. I. Vainshtein, V. I. Zakharov, Nucl. Phys. B 147 (1979)]
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Momentum dependence
S parameter Correlator data, q2 dependence

Fit comparison with OPE, Nf = 2

0.000 0.005 0.010 0.015 0.020 0.025 0.030
�0.0012

�0.0010

�0.0008

�0.0006

�0.0004

�0.0002

0.0000

0.0002

m

lim
q
2
�
�

�q2 ��
q
2
��

Leading q2�� coeff. and �ΨΨ�, Pade��1,2�

Correlator fit

Direct meas.

Good agreement between best-fit extrapolation and m�ψψ� direct!
Ethan Neil (Yale) Spectrum at general Nf August 4, 2010 28 / 32

Excellent agreement between direct measurement and OPE
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Fit results
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For our Nf = 6 simulations, mf is not yet small enough

to see clear evidence for these chiral logs. For smaller mf ,

the log mf terms would be replaced by logarithmic depen-

dence on the PNGB masses in the full theory.

Simulation Details Simulations are performed using

domain-wall fermions and the Iwasaki improved gauge ac-

tion [11]. The domain-wall formulation suppresses the chi-

ral symmetry breaking associated with fermion discretiza-

tion, and preserves flavor symmetry at finite lattice spac-

ing, both desirable properties for computation of the S-

parameter. Gauge configurations are generated as in Ref.

[1]. Dimensionful quantities are given in lattice units.

The lattice volume is set to 323 × 64, with the length of

the fifth dimension Ls = 16 and the domain-wall height

m0 = 1.8. The choices β = 2.70 for Nf = 2 and β =
2.10 for Nf = 6 lead to nearly the same physical scale in

lattice units. Simulations are performed for fermion masses

mf = 0.005 to 0.03, although the Nf = 2 results for

mf = 0.005 may suffer from finite-volume effects, and

are not included in the analysis. At finite lattice spacing,

even with mf = 0, the chiral symmetry is not exact, with

the violation captured in a residual mass mres � mf . The

total fermion mass m is then m ≡ mf +mres.

Current Correlators The lattice expression for the cur-

rent correlator of interest is

Πµν
V V (Q) = δµνΠV V (Q

2)− (QµQν/Q2)�ΠV V (Q
2)

= Z
�

x

eiQ·(x+µ̂/2)�Vµ(x)V ν(0)� (2)

and similarly for ΠAA. Here Vµ
is the conserved domain-

wall vector current, V ν
is the non-conserved local cur-

rent, and Z is a non-perturbative renormalization constant.

(x + µ̂/2) appears because Vµ(x) is point split on the

link (x, x + µ). The use of conserved currents ensures

that lattice artifacts cancel in the V − A current correlator

ΠV−A(Q2) ≡ ΠV V (Q2)−ΠAA(Q2) [12].

We calculate ΠV−A(Q2) for a range of positive (space-

like) Q2
values, and for each mf extrapolate to Q2 = 0 to

determine the slope 4πΠ�
V−A(0) entering the S parame-

ter. In Fig. 1, we show the simulation data for ΠV−A(Q2),
along with fit curves. The data itself indicates that for

Nf = 2, Π�
V−A(0) increases at smaller mf values, while

for Nf = 6, it decreases, already suggesting a relative de-

crease in S per electroweak doublet at Nf = 6. We fit

the ΠV−A(Q2) data for Q2 < 0.4 using a four-parameter,

Pade(1,2) form (linear numerator, quadratic denominator).

These fits, behaving like 1/Q2
at large positive Q2

, are

shown with statistical error bands in Fig. 1. Each has two

poles at real, negative Q2
, but they represent a time-like

structure with cuts and multiple poles. Each fit leads to

a value of Π�
V−A(0) stable as the number of Q2

points is

varied.

The correlator slopes at Q2 = 0 are plotted in Fig. 2. In

this figure and others to follow, we plot versus M 2
P/M

2
V 0

rather than m, where MP is the Goldstone-boson mass [1],
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FIG. 1: ΠV−A(Q2) data and fits for Nf = 2 and 6. Fits, over the

range Q2 < 0.40, are done separately for each mf .
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FIG. 2: V − A correlator slopes at Q2 = 0 for Nf = 2 (red dia-

monds) and Nf = 6 (blue circles). For each of the solid points,

MPL > 4.

and MV 0 is the extrapolated mass of the lightest vector

state. We plot in this way since the relation between M 2
P

and m is strongly Nf -dependent. The value of MV 0, to

be discussed later, is roughly 0.2 in lattice units for both

Nf = 2 and 6. For each Nf = 6 point and for the five

heaviest Nf = 2 points, MPL > 4, keeping the pion

Compton wavelength well inside the lattice.

As anticipated from inspection of the data in Fig. 1,

Π�
V−A(0) at Nf = 6 drops below Π�

V−A(0) at Nf = 2 for

the smaller M 2
P values, suggesting a suppression of S at

Nf = 6. This interpretation requires care, however, since

the extrapolation M 2
P ∝ m → 0 is dominated by chiral

logs (∼ log(1/m)) for both Nf = 2 and 6.

2

For our Nf = 6 simulations, mf is not yet small enough

to see clear evidence for these chiral logs. For smaller mf ,

the log mf terms would be replaced by logarithmic depen-
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the fifth dimension Ls = 16 and the domain-wall height

m0 = 1.8. The choices β = 2.70 for Nf = 2 and β =
2.10 for Nf = 6 lead to nearly the same physical scale in
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FIG. 1: ΠV−A(Q2) data and fits for Nf = 2 and 6. Fits, over the

range Q2 < 0.40, are done separately for each mf .
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FIG. 2: V − A correlator slopes at Q2 = 0 for Nf = 2 (red dia-

monds) and Nf = 6 (blue circles). For each of the solid points,

MPL > 4.

and MV 0 is the extrapolated mass of the lightest vector

state. We plot in this way since the relation between M 2
P

and m is strongly Nf -dependent. The value of MV 0, to

be discussed later, is roughly 0.2 in lattice units for both

Nf = 2 and 6. For each Nf = 6 point and for the five

heaviest Nf = 2 points, MPL > 4, keeping the pion

Compton wavelength well inside the lattice.

As anticipated from inspection of the data in Fig. 1,

Π�
V−A(0) at Nf = 6 drops below Π�

V−A(0) at Nf = 2 for

the smaller M 2
P values, suggesting a suppression of S at

Nf = 6. This interpretation requires care, however, since

the extrapolation M 2
P ∝ m → 0 is dominated by chiral

logs (∼ log(1/m)) for both Nf = 2 and 6.
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Nf = 2

Nf = 6 Expect agreement in the 
quenched limit M2

P → ∞

ΠV−A(q
2) =

�
m amq2m�
n bnq

2n

(m=1, n=2)
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From slope to S
S =

1

3π

� ∞

0

ds

s
{(Nf/2) [RV (s)−RA(s)]

−1

4

�
1−

�
1− m2

h

s

�3

Θ(s−m2
h)

��

Standard model subtraction:

∆SSM =
1

12π

�
11

6
+ log

�
M2

V 0

4M2
P

��
Integrate:

�
M2

V 0

M2
P

< 1/4

�

*

*

• Removes the contribution of standard 
model Higgs doublet to S

• IR divergent - cancels precisely with 
divergence in the spectrum!

(H,φ → πT )

ref. Higgs mass;
we take mh ≡ MV 0

(=1 TeV, roughly)

∼ 4πΠ�
V−A(0)
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From slope to S
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��' V�
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S S
M

Simple linear fit: S(x) = A+Bx +
1

12π

�
N2

f

4
− 1

�
log(1/x)

known pseudo-NGB contribution

At two flavors, S(m=0) = 0.35(6) - consistent with other results

“naive scaling” prediction SNf=6/SNf=2 = 3

x ≡
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Next Steps

• Improving the results so far:

- More detailed study of systematic effects, especially 
finite-volume corrections

- Additional run at m=0.0075 in progress

• Simulation at Nf=10 (ongoing)

• Two-color gauge theories - code under 
development
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Conclusion
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•Even far from the edge of the conformal window,  strong 
indications of changing dynamics as Nf increases
•With scale-matched ensembles of gauge configurations 
generated, the hard part is done - lots of things to look at!
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Backup Slides
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S from pole dominance
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Finite-Volume Effects?
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Fixing the right scale?
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NNLO chiral fits
NNLO - Goldstone mass
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NNLO - chiral condensate
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NNLO - Goldstone decay constant
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Figure 5.11: Data and best-fit curves at NNLO for Fm vs. m at Nf = 2 (red

diamonds) and Nf = 6 (blue triangles.) The lightest data points at mf = 0.005
are shown as open symbols, indicating that they were not included in the fit due to

potential contamination with unknown systematic errors.
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Figure 5.12: Relative size of NLO/LO (solid), NNLO/LO (dashed) chiral perturba-

tion theory terms in the decay constant Fm at Nf = 2. The NLO and NNLO terms

are large, equal, and opposite, indicating a delicate cancellation to fit the data rather

than a good chiral expansion.
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Figure 5.13: Relative size of NLO/LO (solid), NNLO/LO (dashed) chiral perturba-

tion theory terms in the decay constant Fm at Nf = 2. The NLO and NNLO terms

are large, equal, and opposite, indicating a delicate cancellation to fit the data rather

than a good chiral expansion.
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Figure 5.13: Relative size of NLO/LO (solid), NNLO/LO (dashed) chiral perturba-

tion theory terms in the decay constant Fm at Nf = 6. The NLO and NNLO terms

are large, equal, and opposite, indicating a delicate cancellation to fit the data rather

than a good chiral expansion.

Nf type z F αM αF αC χ2/d.o.f.
2 NLO 28(16) 0.0209(4) 0.31(62) 0.64(47) 83(29) 6.50

6 NLO 25(11) 0.0188(36) 2.5(1.4) 0.1(1.1) 194(24) 50.5

2 NNLO 16(8) 0.0259(39) 20(18) -6.6(5.9) 119(45) 30.0

6 NNLO 17.9(5.5) 0.0217(28) 1.8(7.6) -2.2(4.0) 206(20) 6.08

Nf label αM20 αM21 αF20 αF21 αC20 αC21

2 NNLO 32(77) 81(104) -5(17) -24(29) 0(–) 0(–)

6 NNLO 21(83) 92(167) -7(41) -51(74) 0(–) 0(–)

Table 5.1: Chirally extrapolated quantities and fit parameters, based on the assorted

χPT fits considered. All fits shown are joint fits between the three quantities �ψψ�m,
Fm and M2

m. NNLO analytic coefficients αC20,αC21 are fixed to zero, due to the

dominance of αC .
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Figure 5.14: Relative size of NLO/LO (solid), NNLO/LO (dashed) chiral perturba-

tion theory terms in the decay constant Fm at Nf = 6. The NLO and NNLO terms

are large, equal, and opposite, indicating a delicate cancellation to fit the data rather

than a good chiral expansion.
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Mass generation and extended 
technicolorMass generation and extended technicolor
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V j
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FIG. 1. Graphs generating f̄i,LM (f)
ij f j

R where i = 1, 2, 3, assuming that the indicated one-loop mixings of

ETC gauge bosons occur, for the case in which fL and fR both transform according to the same (fundamental)

representation of SU(5)ETC . The index t takes on the values 4 and 5. Here, f i
is an up-type quark for

1 ≤ i ≤ 3 and techniquark for i = 4, 5.

For the down-type quarks, the model of Section IV takes R(dL) to be the fundamental

representation of SU(5)ETC andR(dR) to be the conjugate fundamental representation. With

NTC = 2, so that the SU(2)TC condensates can still form, bilinears for these quarks arise

via diagrams that necessarily involve ETC gauge boson mixing. The down-type techniquark

condensate is of the form ��ijD̄i,a,LDa
j,R�, where here i, j and a denote technicolor and color

indices. This generates off-diagonal elements in M (d) via Eq. (2.19). The mass matrix for

the down-type quarks, generically of the form

d̄i,LM (f)
ij dj,R + h.c., (2.20)

is generated by the graph of Fig. 2. The indicated ETC mixing will be shown to exist in

the model of Section IV.
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×

dj,R d4,R d5
L di
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V 4
j V i

5

+ (4 ↔ 5)

FIG. 2. Graphs generating d̄i,LM (d)
ij dj,R where i = 1, 2, 3, assuming that the indicated, one-loop mixings

of ETC gauge bosons occur, for the case in which dL and dR transform according to the fundamental and

conjugate fundamental representation of SU(5)ETC . Here di
is a down-type quark (techniquark) for 1 ≤ i ≤ 3

(i = 4, 5). As indicated, the graph with the indices 4 and 5 interchanged also contributes.
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�ULUR�

Λi

u(i)
L u(i)

R

The diagram above gives an example of quark mass generation by
coupling to extended technicolor. At scales p � Λi , the resulting
contribution to the quark mass is

m(i)q =
8πηΛ3TC
3Λ2i

,

where the numerical factor η ∼ 1 in minimal technicolor. If ΛTC = 300
GeV, then we have Λ1 � 300 TeV, Λ2 � 15 TeV, Λ3 � 1.3 TeV.

Ethan Neil (Yale) Spectrum at general Nf August 4, 2010 44 / 32

Mass generation and extended technicolor

×

×

f j
R f t

R f t
L f i

L

V j
t V i

t

FIG. 1. Graphs generating f̄i,LM (f)
ij f j

R where i = 1, 2, 3, assuming that the indicated one-loop mixings of

ETC gauge bosons occur, for the case in which fL and fR both transform according to the same (fundamental)

representation of SU(5)ETC . The index t takes on the values 4 and 5. Here, f i
is an up-type quark for

1 ≤ i ≤ 3 and techniquark for i = 4, 5.

For the down-type quarks, the model of Section IV takes R(dL) to be the fundamental

representation of SU(5)ETC andR(dR) to be the conjugate fundamental representation. With

NTC = 2, so that the SU(2)TC condensates can still form, bilinears for these quarks arise

via diagrams that necessarily involve ETC gauge boson mixing. The down-type techniquark

condensate is of the form ��ijD̄i,a,LDa
j,R�, where here i, j and a denote technicolor and color

indices. This generates off-diagonal elements in M (d) via Eq. (2.19). The mass matrix for

the down-type quarks, generically of the form

d̄i,LM (f)
ij dj,R + h.c., (2.20)

is generated by the graph of Fig. 2. The indicated ETC mixing will be shown to exist in

the model of Section IV.

×

×

dj,R d4,R d5
L di

L

V 4
j V i

5

+ (4 ↔ 5)

FIG. 2. Graphs generating d̄i,LM (d)
ij dj,R where i = 1, 2, 3, assuming that the indicated, one-loop mixings

of ETC gauge bosons occur, for the case in which dL and dR transform according to the fundamental and

conjugate fundamental representation of SU(5)ETC . Here di
is a down-type quark (techniquark) for 1 ≤ i ≤ 3

(i = 4, 5). As indicated, the graph with the indices 4 and 5 interchanged also contributes.

9

�ULUR�

Λi

u(i)
L u(i)

R

The diagram above gives an example of quark mass generation by
coupling to extended technicolor. At scales p � Λi , the resulting
contribution to the quark mass is

m(i)q =
8πηΛ3TC
3Λ2i

,

where the numerical factor η ∼ 1 in minimal technicolor. If ΛTC = 300
GeV, then we have Λ1 � 300 TeV, Λ2 � 15 TeV, Λ3 � 1.3 TeV.

Ethan Neil (Yale) Spectrum at general Nf August 4, 2010 44 / 32

ΛTC = 300 GeV






Λ1 � 300 TeV

Λ2 � 15 TeV

Λ3 � 1.3 TeV

Thursday, January 13, 2011


